Chloride ions have been hypothesized to interact with the membrane outer hair cell (OHC) motor protein, prestin on its intracellular domain to confer voltage sensitivity (Oliver et al., 2001). Thus, we hypothesized previously that transmembrane chloride movements via the lateral membrane conductance of the cell, G metL , could serve to underlie cochlear amplification in the mammal. Here, we report on experimental manipulations of chloride-dependent OHC motor activity in vitro and in vivo. In vitro, we focused on the signature electrical characteristic of the motor, the nonlinear capacitance of the cell. Using the well known ototoxicant, salicylate, which competes with the putative anion binding or interaction site of prestin to assess level-dependent interactions of chloride with prestin, we determined that the resting level of chloride in OHCs is near or below 10 mM, whereas perilymphatic levels are known to be ϳ140 mM. With this observation, we sought to determine the effects of perilymphatic chloride level manipulations of basilar membrane amplification in the living guinea pig. By either direct basolateral perfusion of the OHC with altered chloride content perilymphatic solutions or by the use of tributyltin, a chloride ionophore, we found alterations in OHC electromechanical activity and cochlear amplification, which are fully reversible. Because these anionic manipulations do not impact on the cation selective stereociliary process or the endolymphatic potential, our data lend additional support to the argument that prestin activity dominates the process of mammalian cochlear amplification.
Introduction
Hallowell Davis coined the term "cochlear amplifier" to signify a boost in hearing capabilities near threshold that is provided by the uniquely mammalian outer hair cell (OHC) (Davis, 1983) . The subsequent discovery of electrically evoked OHC mechanical activity provided a very attractive substrate for amplification (Brownell et al., 1985) . Nevertheless, processes thought to be characteristic of mammalian cochlear amplification (e.g., spontaneous otoacoustic emissions) have been observed in lower vertebrates lacking OHCs (Manley et al., 2001 ); such observations have fueled the debate over whether the source of amplification in the mammal is the prestin-containing lateral membrane of the OHC or the stereociliary transduction apparatus, each of which can potentially provide feedback into the basilar membrane through accessory structures (Santos-Sacchi, 2003) . This debate may frame an evolutionary battle between an anionic based mechanism and a cationic based mechanism, the calcium ion underpinning stereocilia-based feedback (Fettiplace et al., 2001; Chan and Hudspeth, 2005) and the chloride ion underpinning prestin-based feedback (Oliver et al., 2001; Rybalchenko and Santos-Sacchi, 2003) .
The manner whereby stereocilia may provide force feedback during auditory stimulation relies on the intracellular action of calcium ions on either myosin molecules or the transduction channel itself, possibly ankyrin-repeat transient receptor potential cation channel, subfamily A, member 1; both of these actions influence apical bundle mechanics (Yamoah and Gillespie, 1996; Gillespie and Corey, 1997; Fettiplace and Ricci, 2003; Corey et al., 2004) . In contrast, the lateral membrane motor, prestin (Zheng et al., 2000) , is highly sensitive to intracellular anions (Oliver et al., 2001; Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005) , in particular, chloride, which has been shown to pass through a lateral membrane conductance, G metL , in a voltage-and tensiondependent manner (Rybalchenko and Santos-Sacchi, 2003) . Both ions respectively alter the steady state energy profile of their corresponding transduction mechanism; calcium shifts the stereociliar channel open probability along the mechanical deflection axis (Kennedy et al., 2003) , and chloride shifts the area state probability of prestin along the voltage axis (Rybalchenko and Santos-Sacchi, 2003) . These ionic effects contribute to force generation in each system, because, as the data imply, conformational changes in the molecules accompany ion binding.
There have been several reports that have focused on the assignment of amplificatory substrate in the mammal. Notably, a prestin knock-out has provided direct evidence that this unusual motor protein (Zheng et al., 2000) is required for OHC electro-mechanical activity and cochlear amplification (Liberman et al., 2002) . In contrast, studies on isolated mammalian cochleas, which may retain some residual characteristics of cochlear amplification, point to potential contributions from stereociliary mechanics (Fettiplace et al., 2001; Kennedy et al., 2003; Chan and Hudspeth, 2005) .
We report here that modulating chloride activity in vitro and in vivo, with cochlear amplifier intact, either directly by basolateral perfusion of the OHC with altered chloride content solutions or by the use of tributyltin (TBT), a chloride ionophore (Tosteson and Wieth and Tosteson, 1979; Song et al., 2005) , alters OHC electromechanical activity and cochlear amplification in a reversible manner. Because these anionic manipulations do not impact on the cation-selective stereociliary process or the endolymphatic potential, our data lend additional support to the argument that prestin activity dominates the process of mammalian cochlear amplification.
Materials and Methods

In vitro
The methods for single hair cell recordings were the same as those described in detail previously (Song et al., 2005) . Hartley albino guinea pigs were killed with halothane. Temporal bones were excised, and the top three turns of the cochleae were dissected with enzyme treatment (0.5 mg/ml Dispase I; 10 -12 min). Individual outer hair cells were isolated by gentle trituration. Isolated single outer hair cells were then studied under whole-cell voltage clamp and were held at 0 mV to eliminate the electrical drive for Cl across the lateral membrane; therefore, Cl concentration changes were studied in isolation. A custom made Y-tube perfusion system was used to deliver experimental solutions to isolated OHCs. Perforated patch solutions contained 25 mg/ml gramicidin in 0.25% DMSO (Akaike, 1996) .
Nonlinear capacitance (NLC) was measured using a continuous highresolution (2.56 ms sampling) two-sine stimulus protocol (10 mV peak at both 390.6 and 781.2 Hz) superimposed onto a voltage ramp from Ϫ150 to ϩ140 mV (Santos-Sacchi et al., 1998b; Santos-Sacchi, 2004) . Capacitance data were fit to the first derivative of a two-state Boltzmann function (Santos-Sacchi, 1991) as follows:
where Q max is the maximum nonlinear charge moved, V pkcm (also commonly called V h ) is voltage at peak capacitance or equivalently at halfmaximum charge transfer, V m is membrane potential, z is valence, C lin is linear membrane capacitance, e is electron charge, k is Boltzmann's constant, and T is absolute temperature. NLC was calculated by subtracting linear capacitance (C lin ) from peak amplitude (Cm pk ). The base extracellular solution contained the following (in mM): 140 NaCl, 2 CaSO 4 , 1.2 MgSO 4 , and 10 HEPES. Cl concentration was adjusted from 1 to 140 mM by substituting Cl with gluconate. Final solutions were adjusted to ϳ300 mOsm with D-glucose and adjusted to pH ϳ7.2-7.3 with NaOH. Pipette solutions (same as extracellular solution except with the addition of 10 mM EGTA) contained Cl ranging from 1 to 140 mM. This composition permitted us to reduce ionic currents (mainly K currents), which we and others routinely block to measure precisely NLC or gating charge movements (Santos-Sacchi, 1991; Song et al., 2005) . The extracellular perfusion solution (1-140 mM Cl) also contained graded concentrations of salicylate (1 M to 10 mM), with or without the addition of 1 M TBT. For the gramicidin patch experiments, although we attempted to record cells as soon after the animals were killed as possible, we were limited by time required for dissection and cell isolation and by the time after seal formation to achieve good whole cell conditions, namely achieving a series resistance of Ͻ20 M⍀.
In vivo
Animals and surgery. Pigmented guinea pigs weighing 250 -350 g were used in this experiment. After anesthesia, the left bulla was opened via a lateral and ventral approach, and the middle ear muscle tendons were sectioned. A hole (ϳ0.3 ϫ 0.4 mm) in the scala tympani of the cochlea was made for measuring the basilar membrane (BM) velocity.
Basilar membrane velocity measurements. The BM velocity at the site corresponding to the frequency near 17 kHz [the characteristic frequency (CF)] was measured from a gold-coated reflective glass bead (10 -30 m in diameter) on the BM using a laser interferometer (Polytec OFV 1102 Laser Vibrometer; Polytec, Waldbronn, Germany). The BM velocity response was evoked by pure tones (2-24 kHz) delivered through a speaker coupled to the ear canal. The output of the interferometer consists of a voltage proportional to the velocity of the targeted bead. The voltage was measured with a lock-in amplifier and recorded by reading the magnitude and phase by computer query via the serial line output from the lock-in amplifier. The vibration of stapes was measured at the end of each experiment and used to compute the gain of BM motion.
Perilymphatic perfusion. For the perilymphatic perfusion, an inlet hole (diameter, ϳ90 m) was made in the scala tympani of the basal turn of the cochlea close to the round window niche, and the hole for BM measurement served as fluid outlet. A polyethylene tube with a fine tip (diameter, ϳ80 m) was inserted into the inlet hole, and the other end of this tube was connected to a three-way perfusion system that allowed solution replacement. Perfusion was accomplished using a precision syringe pump. Tributyltin (50 M), salicylate (1-10 mM), or combinations of the two agents in artificial perilymph (PL) were infused into the scala tympani at the rate of 2 l/min with the duration of 10 -20 min. Similar results were found with 10 M TBT, but higher concentrations ensured better access across the BM into the spaces of Nuel. The normal artificial perilymph composition is as follows (in mM): 132 NaCl, 3.5 KCl, 25 NaHCO 3 , 1.3 CaCl 2 , 1.14 MgCl 2 6H 2 O, 0.51 NaH 2 PO 4 H 2 O, 5.0 Tris, 3.3 glucose, and 2.1 urea. For chloride reductions, gluconate substitutions were made. During our treatments, we measured low-frequency cochlear microphonics (CM), a procedure commonly accepted to gauge the OHC stereociliar transducer function (Patuzzi and Moleirinho, 1998 ) and endolymphatic potential (EP) to evaluate potential effects on supporting cell K recycling, which might be expected to compromise the EP (Wangemann et al., 2004) .
Results
Determination of the resting chloride gradient across the OHC membrane Our first goal was to characterize resting intracellular levels of chloride in OHCs, using the effects of salicylate on NLC as a quantitative measurement tool. The elucidation of the chloride gradient across the OHC basolateral membrane is important in understanding our subsequent in vivo manipulations of perilymphatic chloride levels. Peak OHC NLC is reduced in the presence of salicylate (Fig. 1a) . The flattening of NLC (and increase at voltages away from the voltage at peak capacitance [V pkcm ]) at high salicylate doses occurs because the voltage sensitivity is depressed across a wider voltage range, an observation completely in line with previous work (Tunstall et al., 1995; Kakehata and Santos-Sacchi, 1996; Santos-Sacchi and Navarrete, 2002) . Because salicylate competes for the binding site of chloride on prestin (Oliver et al., 2001) , increasing the intracellular concentration of chloride should counter the effects of salicylate. Indeed, the addition of TBT to the extracellular solution induces an influx of chloride down its chemical gradient and a restoration of NLC. We have shown previously that TBT only enhances the flux of chloride when there is a chemical gradient of the anion across the OHC plasma membrane. Consequently, we found that the effects of salicylate cannot be countered by TBT when intracellular and extracellular chloride levels are equal (Fig. 1b) . From these data, it is clear that the degree of NLC reduction by salicylate is greatly dependent on intracellular Cl level. When we reduce the concentration of Cl on the cytoplasmic aspect of the integral membrane motor protein, the ability of salicylate to reduce remaining NLC increases (Fig. 1a,b , compare left panels). To quantify this observation, we constructed average dose-response functions for a range of salicylate and chloride concentrations (Fig. 2) . Although salicylate has its effects on the intracellular aspect of the motor (Kakehata and Santos-Sacchi, 1996; Oliver et al., 2001) , for these experiments, we needed to unequivocally control intracellular Cl by setting both intracellular and extracellular Cl concentration to the same level under whole-cell voltage clamp; this is an essential approach that we used previously, because the lateral membrane conductance, G metL , efficiently passes Cl ions (Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005) . Voltage-dependent NLC was quantified by subtracting linear capacitance from peak capacitance, which directly correlates with estimates of maximum motor charge movement (Q max ϭ 4kT/ze ϫ NLC) (SantosSacchi et al., 1998a) , determined from fits to the first derivative of a two-state Boltzmann function (see Materials and Methods). IC 50Sal for extracellular salicylate action on the motor ranges from 29 M for the 1 mM intracellular Cl condition to 964 M for the 140 mM Cl condition. From these data, and assuming a salicylate dissociation constant, K d Sal , of 23.8 mM (Oliver et al., 2001) , we can extract an average chloride dissociation constant,
, of 3.4 Ϯ 0.6 mM (mean Ϯ SD, from the five tested chloride concentrations), which compares favorably to previous direct estimates of the K d Cl of ϳ6 mM of the motor (Oliver et al., 2001; Song et al., 2005) . Although this small difference is likely insignificant, the agreement is actually much better considering that our IC 50Sal values are based on extracellular concentrations of salicylate, and we previously demonstrated that intracellular levels will be slightly lower than extracellular levels (Kakehata and Santos-Sacchi, 1996) . With our data serving as a calibration standard, we were able to glean an estimate of the intracellular chloride activity of OHCs, a quantity of which the determination is essential in assessing the significance of the role of this anion in cochlear amplification in vivo. Thus, by using the gramicidin patch variant of the whole-cell voltage clamp, we measured the effect of salicylate without perturbing intracellular chloride levels (because gramicidin is impermeant to Cl) in the presence of normal, in vivo-like extracellular chloride concentrations, namely 140 mM. Under these conditions, the effectiveness of salicylate on OHCs, which were patched quickly after isolation from the cochlea to abate chloride loading, was similar to that under the 10 mM intracellular Cl condition (Fig. 3A) , indicating that intracellular chloride rests near 10 mM. OHCs maintained in culture for longer times showed higher chloride levels, and this accumulation of intracellular chloride was accompanied by cell swelling (Fig. 3B) . The similarity between our estimate of OHC intracellular chloride (ϳ10 mM) and the K d Cl of OHC (ϳ6 mM) (Oliver et al., 2001; Song et al., 2005) and the opposing interactions between salicylate and intracellular chloride levels set predictable outcomes from comparable manipulations in vivo, if cochlear amplification arises predominantly from OHC lateral membrane motor activity.
In vivo effects of chloride manipulations
To test for anionic modulation of cochlear amplification, we directly measured BM motion using a laser interferometer in living guinea pigs, the cochleas of which were surgically exposed. Perfusion of artificial PL (see Materials and Methods for compositions) in the scala tympani was accomplished via a local two-port system in the basal turn and permitted basolateral perfusions of OHCs without altering the ionic milieu of endolymph that bathed the apically located stereocilia (Fig. 4 A) . BM motion is sharply tuned to a characteristic frequency determined by place along the cochlea spiral, in our preparation corresponding to ϳ16 -17 kHz. The tip of the tuning curve is highly vulnerable, and generally any manipulation of the cochlear fluids or homeostatic environment results in a decrease in cochlear amplification. Average dose-response curves (mean Ϯ SE; n ϭ 4 -5) for extracellularly applied salicylate block of NLC. Each curve was collected at a different intracellular concentration of chloride. Chloride was unequivocally controlled by matching intracellular and extracellular levels, as we have done previously (Song et al., 2005) . Note the leftward shift as intracellular chloride is reduced, indicating a more effective action of salicylate on the motor. Logistic fits provided the following slope and IC 50Sal values (1, 5, 10, 20, and 140 mM chloride, respectively): 0.79, 29.5 M; 0.83, 77.9 M; 0.81, 124.0 M; 0.86, 165 M; 0.86, 964 M. There is no significant difference between slopes at any concentration.
Interestingly, to date, no manipulation has been found [other than positive DC electric current (Parthasarathi et al., 2003) ] to improve cochlear amplification once compromised. Figure 4 B shows BM responses in a sensitive cochlea, where surgical preparation caused minimal loss in sensitivity (Ͻ10 dB), as gauged by preoperation and postoperation auditory compound action potential (CAP) measures. After switching perfusion from normal PL to a PL containing TBT (50 M), a reduction in BM motion was observed (Fig. 4 B) . An even larger reduction was brought on by a switch to salicylate containing PL (5 mM) and was reversed by washout. Interestingly, in a cochlea where the preparatory manipulations produced a large decrease in CAP sensitivity (Ͼ20 dB), the action of TBT was to augment acoustically evoked BM vibration (Fig. 4C) . Peak amplitude (at best frequency) of the BM mechanical tuning (evoked by 40 dB sound pressure level acousti) with artificial perilymph and TBT perfusion into the scala tympani showed an enhancement of 4.42 Ϯ 1.16 dB (mean Ϯ SD; n ϭ 5; paired t test, p Ͻ 0.001). In linear terms, this is a Ͼ50% increase in response (1.66 Ϯ 0.22). This highly unusual and repeatable finding may indicate that intracellular chloride is normally poised at a level that is optimal, and that changes in intracellular chloride activity can have either positive or negative effects on BM tuning, depending on initial condition of the preparation (i.e., perhaps preparative procedures altered Cl levels and our perfusions re-established preinsult conditions). Again, in this animal, salicylate caused a decrease in BM motion, but the combination of salicylate and TBT resulted in an effect less detrimental than salicylate alone, reminiscent of the rescuing effect of TBT on the block by salicylate of NLC in vitro. Finally, we directly tested the effects of low-chloride PL (5 mM; substitution with gluconate) on BM motion. A profound loss of cochlear amplification was found (loss of sharp tip region and shift of CF to lower frequencies), which was fully reversible after reperfusion with normal PL (Fig. 4 D) . The addition of TBT to the normal perfusion again augmented BM motion above initial conditions. However, TBT was unable to counter the loss induced by low-chloride perfusions, because very little gradient in chloride existed across the OHC plasma membrane. CM at sub-CF frequencies (0.5 kHz), which report on stereociliary forward transduction in OHCs (Patuzzi and Moleirinho, 1998) , were unchanged or slightly increased by low chloride or salicylate perfusions, as expected from previous work (Desmedt and Robertson, 1975; Fitzgerald et al., 1993) . This implies that our treatments do not affect stereociliary processes, including the transducer Ca sensitivity. Additionally, we measured the EP in three animals under low-chloride conditions and found it to be unaffected (Ͻ3 mV variations). Together, the in vitro and in vivo data indicate the powerful role played by chloride in cochlea amplification and highlight the importance of the prestin-containing lateral membrane and its conductance, G metL .
Discussion
The problem of assignment of cochlear amplification to the apical or lateral membrane of the OHC may reduce to a test of the effects of modulating chloride levels around the basolateral region of the OHCs, a manipulation that should not interfere with the cationic workings of the proposed stereociliar mechanism. Indeed, this general approach has been used to assess the contribution of calcium ion effects on the role of stereocilia in amplification, in which modulation of endolymphatic ionic makeup was performed while maintaining perilymphatic makeup (Chan and Hudspeth, 2005) . We approached this issue by directly measuring cochlear amplification on the BM in vivo, along with complimentary measures of isolated OHC activity under whole-cell voltage clamp. Thus, in vitro, we measured the electromechanical activity of isolated OHCs by gauging the motor-generated NLC of the cell under whole-cell voltage clamp (Santos-Sacchi, 1991) , and in vivo we measured BM vibratory velocity directly (Nuttall et al., 1991) . Interactions among three manipulations of the lateral membrane motor were made using the following: (1) salicylate, a well known ototoxicant that works directly on the motor (Tunstall et al., 1995; Kakehata and Santos-Sacchi, 1996) via its interaction with the chloride binding site of the motor (Oliver et al., 2001) ; (2) TBT, an ionophore that promotes OHC Cl flux down its chemical gradient (Song et al., 2005) ; and (3) extracellular chloride levels, which will influence intracellular chloride activity via G metL (Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005) . We found that in intact OHCs, intracellular chloride rests at level well below that of extracellular chloride, being ϳ10 mM or Figure 3 . Estimates of OHC intracellular chloride levels using the gramicidin patch method. A, IC 50Sal was determined in the presence of 140 mM extracellular chloride to mimic the in vivo condition. It should be stressed that IC 50Sal measures only evaluate the interactions between intracellular salicylate and chloride on the motor and are not directly influenced by extracellular chloride levels; thus, the IC 50Sal values determined above in Figure 2 A serve as valid calibrations to estimate intracellular chloride levels regardless of extracellular chloride levels. The plot shows that as the length of time after an animal's death (AD) increased, intracellular chloride increased. For the cases in which quick measurements were made, IC 50Sal was close to that of the value obtained with 10 mM intracellular chloride, indicating that OHC chloride levels are near or possibly Ͻ10 mM for cells under in vivo-like conditions. B, OHC diameter is a sensitive indicator of cell swelling and shows an increase as time AD increased, corresponding with the simultaneous estimates of intracellular chloride above. OHC images show one cell recorded at 30 min and another at 210 min, the latter showing pronounced swelling. The chloride loading after death probably indicates that our measures provide overestimates of intracellular chloride levels. Each symbol in the plots denotes an analysis from an individual cell from different animals (n ϭ 8).
less intracellularly. Manipulations of extracellular chloride, the effects of which arose from the chemical gradient of chloride across the OHC membrane, had pronounced effects on motor charge movement in vitro and markedly and reversibly affected cochlear amplification on the basilar membrane.
Our data provide clear evidence that the gain of cochlear amplification is tied directly to the gain of OHC motor activity, the electrical correlates of which are the amount of motor charge moved and the voltage range over which the motors operate, both of which are influenced by intracellular chloride and salicylate (Tunstall et al., 1995; Kakehata and Santos-Sacchi, 1996; Oliver et al., 2001; Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005) . Effects on stereociliar transduction and EP were absent, lending support to a direct effect on the OHC lateral membrane motor protein, prestin. Interestingly, although salicylate was found to affect emissions in the Tokay gecko (Stewart and Hudspeth, 2000) , the hair cells of which lack prestin, there is no direct action of salicylate on the stereociliar mechanoelectrical transducer (MET) channels (Kimitsuki et al., 1994) . Although a variety of physiological factors affect the gain of OHC motor activity, including membrane tension (Iwasa, 1993; Gale and Ashmore, 1994; Kakehata and Santos-Sacchi, 1995) , temperature (Santos-Sacchi and Huang, 1998) , and phosphorylation (Huang and Santos-Sacchi, 1993; Szonyi et al., 1999; Frolenkov et al., 2000; Deak et al., 2005) , the recruitment of a ubiquitous anion to drive our exquisite sense of hearing bares an underlying simplicity in design for such a complicated endorgan.
How might chloride work on cochlear amplification?
Clearly, it has been shown that chloride ions have a powerful effect on prestin activity via an intracellular binding or interaction site (Oliver et al., 2001; Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005) . The effect may not simply apply to chloride interactions but also to interactions with other anions, for example, sulfate. Interestingly, whereas sulfate was initially found by Oliver et al. (2001) to be ineffective in influencing prestin activity, namely an inability to support NLC, we and others have since found that sulfate can support NLC in intact OHCs while shifting V h to very depolarized potentials (Rybalchenko and Santos-Sacchi, 2003; Ashmore, 2005; Fettiplace, 2005) . Nevertheless, the physiological abundance of chloride indicates that it may be the major player in OHC function.
It is conceivable, however, that manipulating perilymphatic chloride could have effects within the cochlear aside from the OHC lateral membrane. For example, chloride transport is thought to play a role in K recycling within the inner ear (Wangemann et al., 2004) . Our observation that the endolymphatic potential is unperturbed during our manipulations rules out such a possibility, because K recycling interference would compromise the EP. Additionally, it is well known that OHC turgor can be modulated by extracellular chloride manipulations (Cecola and Bobbin, 1992; Song et al., 2005) , and that electromotility can be modulated by changes in membrane tension (Iwasa, 1993; Gale and Ashmore, 1994; Kakehata and Santos-Sacchi, 1995) . Indeed, we hypothesized that cochlear amplification could be controlled by turgor pressure changes in OHCs (Kakehata and SantosSacchi, 1995) . Thus, it may be that turgor pressure changes accompanied by chloride flux contributes to our in vivo measures (in vitro we control turgor pressure and show chloride effects directly). We note, however, that in the absence of a chloride conductance and gradient, such effects on turgor pressure would not arise, because it is the flux of chloride that instigates water movement into and out of the OHC. Interestingly, manipulations of perilymphatic osmolarity in vivo have been found to modulate otoacoustic emissions, and the auditory compound action potential (Choi and Spector, 2005) . Thus, it may be that two mechanisms known to modulate the OHC lateral membrane may contribute to the chloride effects we observed, although the effects we observe are larger than those observed with osmolarity manipulations.
The lateral membrane as forward and reverse transducer
The apparent voltage-dependent nature of OHC electromotility necessarily encumbers the effectiveness of the presumed stimulus The temporal order of listed perfusions is from top to bottom. This was a sensitive cochlea where CAP thresholds were little affected by surgery (Ͻ10 dB). In this case, a switch from normal PL to TBT-containing solution causes a decrease in BM motion. Salicylate produces a more pronounced reduction, and recovery follows reperfusion with TBT PL. C, This example shows a preparation that was less sensitive; thresholds deteriorated at Ͼ20 dB. TBT perfusion, in this case, augmented BM vibration and antagonized the detuning effects of salicylate. D, Perfusion of low chloride PL caused a profound loss of cochlear amplification, which was completely reversible. Again, in this animal, TBT increased BM vibration in the presence of normal chloride levels but was ineffective in the presence of low chloride levels, in which a chloride gradient across the OHC membrane would be small or absent. The small difference in the effects of low Cl treatment between the first perfusion and the fourth perfusion may stem from previous TBT treatment or the time between data collections. For visual clarity, sound pressure is plotted on a linear scale; frequency is plotted logarithmically.
(receptor potentials) in driving high-frequency mechanical activity. This conundrum derives from the low-pass resistor-capacitor (RC) filter effect of the plasma membrane of the cell (SantosSacchi, 1989 (SantosSacchi, , 1992 Housley and Ashmore, 1992) , estimated to be between 50 and 800 Hz. Consequently, receptor potentials generated by stereociliary transduction elements will be reduced at high acoustic frequency, resulting in diminished feedback into the basilar membrane. Although several proposals have been advanced to understand how the OHC may deal with this difficulty (Santos-Sacchi et al., 1998a; Kakehata and Santos-Sacchi, 1995; Dallos and Evans, 1995; Spector et al., 2003) , the issue remains unresolved.
We presented previously a hypothesis that the OHC lateral membrane, with its mechanically active conductance, G metL , may have usurped the role of stereocilia by fluxing anions, rather than cations, during acoustic stimulation (Rybalchenko and SantosSacchi, 2003; Santos-Sacchi, 2003) . Notably, acoustically driven motions of the organ of Corti have been shown to deform the OHC soma (Fridberger and De Monvel, 2003) , potentially gating G metL at acoustic rates. Furthermore, tuned mechanical responses of the isolated OHC induced by water-jet driven mechanical stimulation of the lateral membrane can be blocked by polylysine (Brundin et al., 1989; Brundin and Russell, 1994) , a chemical that partially blocks G metL (Rybalchenko and Santos-Sacchi, 2003) . Such a cellular adaptation of forward transduction may offer a means to overcome the RC filter problem. Basically, the anion driven conformational state dependence of prestin would be unencumbered by the low-pass filtering effects of the OHC membrane but would only depend on the kinetics of anion current flow and submembranous accumulation and clearing. We have shown mechanical gating of G metL in the kilohertz range (Rybalchenko and Santos-Sacchi, 2003) , but additional work on this hypothesis is required.
Although our data provide support for an evolutionary switch from cation to anion control, it was shown recently that manipulations of Ca-dependent stereociliar mechanics altered a remaining nonlinearity present in an in vitro explant of the mammalian cochlea, suggesting that bundle mechanics could partly contribute to mammalian cochlear amplification (Chan and Hudspeth, 2005) . Thus, it appears that the evolution of the OHC and its mechanically active lateral membrane may have occurred to supplement an already primitive amplificatory system, which, for the mammal, begged an extra boost.
